In the search for effective therapeutics against severe acute respiratory syndrome (SARS), 6-mercaptopurine (6MP) and 6-thioguanine (6TG) were found to be specific inhibitors for the SARS-coronavirus (CoV) papain-like protease (PLpro), a cysteine protease with deubiquitinating and deISGylating activity. 6MP and 6TG have long been used in cancer chemotherapy for treatment of acute lymphoblastic or myeloblastic leukaemia. Development and optimization of 6MP and 6TG will not only be important for antiviral studies, but also for further elucidating the biological functions of cellular deubiquitinating enzymes (DUBs) and deISGylating enzymes. So far, several crystal structures of cellular DUBs have been solved. Structure comparison has been carried out to search for DUBs with a similar structure to that of PLpro, and we have tried to dock 6MP and 6TG into these DUBs to investigate the potential use of 6MP and 6TG as cellular DUB inhibitors. The best docking score and binding energy for 6MP and 6TG is against ubiquitin-specific protease (USP)14, suggesting that 6MP and 6TG are potential inhibitors of USP14. Finding new usages for old drugs will speed up the process of drug discovery and substantially reduce the cost of drug development.
We recently reported that the thiopurine analogues 6-mercaptopurine (6MP; Figure 1A ) and 6-thioguanine (6TG; Figure 1B ) are competitive, selective and reversible inhibitors of severe acute respiratory syndrome coronavirus (SARS-CoV) papain-like protease (PLpro) [1] . This was the first description of chemical inhibitors for this protease, which has been reported to have both deubiquitinating and deISGylation activities. The 6MP and 6TG compounds have long been used in the treatment of acute lymphoblastic or myeloblastic leukaemia, the most common childhood cancers [2, 3] . Screening the currently available medication for novel therapies bypasses the need for pharmacokinetics and toxicology studies, a tight bottleneck in new drug development [4] . Discovery of new usages for old drugs will speed up the drug discovery process and substantially reduce the development cost. The potential usage and development of novel inhibitors for PLpro and cellular deubiquitinating enzymes (DUBs) and deISGylating enzymes based on existing 6MP and 6TG is discussed in this review.
Inhibition of SARS-CoV PLpro by thiopurine analogues
SARS-CoV encodes two viral proteases, the main protease (Mpro; also known as 3CLpro) and PLpro. These two proteases process the two large viral nonstructural polypeptides pp1a and pp1ab to generate mature proteins. Previous studies on the abilities of PLpro to cleave polypeptides or artificial substrates in either cell culture or in vitro with recombinant proteins are summarized in Table 1 . In cell culture studies, PLpro cleaves the LXGG/A motif between the G and A residues [5] . In studies using recombinant proteins, cleavage by PLpro has been found to be quite stringent with selectivity for P4, P2 and P1 sites [6] . By screening a library of clinically used drugs, we found that 6MP and 6TG competitively and reversibly inhibited SARS-CoV PLpro, possibly by targeting the cysteinyl residue within the active site [1] . We performed further structure-activity analyses and identified the thiocarbonyl group of 6MP and 6TG as the moiety responsible for the Introduction inhibition of PLpro ( Figures 1A & 1B) . We additionally observed that this inhibition is specific, as these two compounds do not inhibit Mpro or other cysteine proteases, such as the cathepsins [1] . Although the affinity of 6MP and 6TG for PLpro is in the mM range (Table  1) , further optimization of the structures for inhibition of PLpro might be possible.
Thiopurine analogues as anticancer drugs
6MP and azathioprine were approved as anticancer drugs by the US Food and Drug Administration (FDA) in 1953 and 1968, respectively. Azathioprine is a prodrug of 6MP. In turn, 6MP is a purine analogue with efficacy as an anticancer drug because it is converted C e D f to 6TG by hypoxanthine phosphoribosyl transferase (HPRT) in vivo [2] . These 6TG bases are then incorporated into cellular DNA and prevent further replication [2] . 6MP and azathioprine have also been used for many years as immunosuppressants in organ transplant recipients [7] . They are also successful for the treatment of several chronic inflammatory and autoimmune diseases, including rheumatoid arthritis, systemic lupus erythematosus and inflammatory bowel disease [7] . However, long-term treatments with these drugs have been associated with an increased risk of cancer [7] . It has not been determined whether this risk is caused by the immunosuppressive effects of the drugs resulting in the activation of oncogenic virus or if it is related to their mechanism of action [7] . 6MP and 6TG can also be methylated by thiopurine S-methyltransferase (TPMT), resulting in their inactivation in vivo [2] . Following methylation, the 6MP and 6TG molecules can no longer act as substrates for HPRT, and therefore will not be incorporated into DNA [2] . The methylation occurs at the thiocarbonyl group [2] , and this thiocarbonyl is essential for the inhibition of PLpro [1] . Based on these findings, we propose that it might be plausible to use 6MP and 6TG as the starting structure for further modification and optimization to improve potency and selectivity against PLpro. Moreover, they could be modified so that they are no longer the substrates for HPRT and TPMT by keeping the thiocarbonyl group but modifying the rest of their structures (for example, by changing the side chains). This could inhibit the incorporation of 6MP and 6TG analogues into DNA by preventing ribosylation by HPRT and might improve their longevity by blocking methylation by TPMT while maintaining the potency against PLpro, possibly by retaining the thiocarbonyl group.
Deubiquitinating and deISGylating activities of SARS-CoV PLpro
PLpro is a cysteine protease with DUB activity, capable of hydrolyzing diubiquitin, polyubiquitin and synthetic ubiquitin peptide substrates in vitro [8, 9] . Interestingly, PLpro also possesses deISGylating activity [9, 10] .
Whether PLpro indeed carries out the deubiquitinating or deISGylation reactions in vivo has not been experimentally demonstrated. Like ubiquitin, interferon stimulating gene 15 (ISG15) forms covalent conjugates with cellular proteins [11] . Induction of ISG15 and protein ISGylation confer protection to cells during viral infection [11, 12] . ISG15 knockout mice show more susceptibility towards the infection by several viruses, indicating that ISGylation might modulate an immune response related to pathogen infection [13, 14] . Reintroduction of ISG15 into ISG15 knockout mice provides the protective effect on Sindbis virus-induced lethality [15] . Therefore, ISG15 is an antiviral protein and deISGylation might be one effective way for virus to evade the cellular immune response. It is probable that SARS-CoV uses this deISGylation activity of PLpro to protect against ISGylation by cellular activities [16] . Consequently, the development of compounds to inhibit the DUB and deISGylation activity of PLpro might represent an effective antiviral strategy. Cellular DUBs have been shown to be involved in protein degradation, trafficking, cell cycle regulation and tumour formation [17] . Thus far, >100 DUBs have been identified in the human genome on the basis of sequence data and activity-based profiling [17] [18] [19] . This number is consistent with the specificities required for different substrates inside the cell. Cysteine protease DUBs are classified into four subclasses, including ubiquitinspecific protease (USP), ubiquitin C-terminal hydrolase (UCH), otubain protease (OTU) and Machado-Joseph disease protease, with USP and UCH being the best characterized [20] . The potential of these DUBs as cancer drug targets has been proposed [21] ; however, with the exception of an ubiquitin aldehyde and a series of activity-based probes, there are not many potent and selective chemical compounds reported that target DUBs [22] [23] [24] [25] . Therefore, the discovery of chemical inhibitors for cellular DUBs will provide an important tool to understand their biological functions in vivo. Interestingly, PLpro is not the only protein with both deubiquitinating and deISGylating activities. Several cellular DUBs also have deISGylating activities in vitro, including USP14, USP2, USP5, USP13 and USP18 [26, 27] . At present, the biological importance of having both deubiquitinating and deISGylating activities for these proteins is not clear. Recently, viral proteases with DUB and deISGylating activity have been identified from nairoviruses and arteriviruses [28] . These viral proteases are most similar to the OTU subclass of the cellular DUBs, including A20 [28] . Furthermore, Avp from adenovirus, PLP2 from human CoV NL63 and UL36USP, UL48 and M48USP from herpesvirus all have deubiquitinating activities [23, 29] . The physiological functions of these viral DUBs and their cellular substrates remain elusive.
Structure of SARS-CoV PLpro and ubiquitin-specific proteases
The structure of PLpro has been solved, providing important insight into the mechanism of its proteolytic activity [16] . The overall conformation of PLpro is similar to other cellular DUBs and is structured like a cupped hand with three domains, including a thumb, palm and fingers [16] . PLpro has an additional N-terminal domain with a conformation similar to ubiquitin and ubiquitin-like domains of several other proteins, such as ISG15 [16] . Using the secondary structure matching (SSM) service [30] , Ratia et al. [16] found that the structure of PLpro resembles that of USP14 and herpes-associated USP (HAUSP; also known as USP7), which are cellular USPs. Both USP14 and HAUSP require the binding of a substrate, such as ubiquitin, to align its catalytic triad into the active configuration [31, 32] . For HAUSP, without ubiquitin aldehyde (Ubal) present, its catalytic triad is not aligned indicating that it is not active [31] . Only the binding of Ubal induces a drastic conformational change in the active site that realigns the catalytic triad to the active form [31] . Ubal is an ubiquitin derivative replacing the C-terminal carboxylate with an aldehyde that binds covalently to the catalytic cysteine [24] . In comparison, USP14 has a properly aligned catalytic triad, but the active site is partially blocked by two surface loops BL1 and BL2 [32] . Its activity is significantly increased upon binding to ubiquitin, which results in translocation of the two surface loops and access to the active site [32] . Therefore, USP14 and HAUSP represent two different mechanisms of DUB activation with distinct structural features. In comparison, the structure of PLpro is catalytically active, with the active site unobstructed and its catalytic triad aligned properly [16] .
Docking of 6MP and 6TG to ubiquitin-specific proteases
Several more structures of cellular DUBs have been resolved since the resolution of PLpro structure, including USP2, USP8, A20 and CYLD [33] [34] [35] [36] . To investigate whether 6MP and 6TG could be potential inhibitors for other cellular or viral DUBs, we carried out a new search, using SSM once again, to look for structures similar to PLpro in the current Protein Data Bank (PDB). The search yielded four USPs, including USP14 (2AYO), CYLD (2VHF), USP2 (2IBI) and HAUSP (1NBF), listed in order from the lowest root mean squared deviation to the highest. CYLD and USP2 are newer structures that were resolved after the report by Ratia et al. [16] . Similarity against USP subclass indicates that PLpro belongs to the viral USP subclass. Both USP14 and USP2 have shown deISGylating activities in vitro [26] . Next, we attempted to dock both 6MP and 6TG into these four structures and other DUBs, including A20 (2VFJ), USP8 (2GFO) and M48USP (2J7Q), using a docking programme (DS Modelling 1.7; Accelrys, San Diego, CA, USA). M48USP is a herpes viral DUB with moderate structural similarity to papain-like cysteine proteases and weak similarity to USP6 from yeast and human UCH-L3 [37] . Because of the narrow catalytic site and the dissimilar structure, we used UCH-L3, a UCH-family protease [38] , as an outgroup in the docking experiments. Of these structures, four were dockable ( Figures 1C, 1D , 1E, 1F & Table 2 ). Both 6MP and 6TG could not be docked to the structure of USP14 without Ubal (PDB 2AYN), consistent with the blockage of the BL1 and BL2 loops [32] . However, the compounds bound well to the USP14-Ubal complex (PDB 2AYO) after we removed Ubal to empty the catalytic region. In this simulation, 6MP was bound to the catalytic cysteine (cys113) of USP14 via its N7H atom at 2.5 Å, whereas in the case of 6TG this occurred via its N1H atom at 2.2 Å ( Figure 1C ). In comparison, in PLpro, S10 of 6MP and 6TG interacted with the catalytic cysteine at a distance of approximately 3.4 Å ( Figures  1A, 1B & Table 2 ) [1] . Therefore, 6MP and 6TG molecules seemed to be closer to the USP14 catalytic cysteinyl residue than that of PLpro and the binding energy was even more favourable for USP14 than PLpro and other DUBs tested (Table 2 ). Our results suggest that 6MP and 6TG are potential inhibitors for USP14. Until now, there are still no inhibitors reported for USP14, although a few have been reported for USP2, UCH-L3, UCH-L1, USP8 and HAUSP, respectively [22, 23] . It would be interesting to verify whether 6MP and 6TG are indeed the inhibitors of USP14 by in vitro biochemical assays.
Although both compounds could be docked into CYLD, USP2 and HAUSP, the binding was not optimal as compared with either PLpro or USP14, on the basis of the distance of the bond and the binding energy ( Figures 1D,  1E , 1F & Table 2 ). The results indicate that the interactions of thiopurines to different DUBs vary significantly, suggesting that it is possible to develop selective inhibitors targeted to individual DUBs. CYLD has a structure that is different from other USPs investigated here, lacking the finger domain [35] . Its catalytic triad is properly aligned and the conformation of the BL1 and BL2 loops are disordered [35] . Structure of USP2 is highly similar to that of HAUSP (or USP7) and USP14, both globally and in the active site [33] . Thus, it is not completely surprising that USP2 is also dockable by 6MP and 6TG, like USP14 and HAUSP. Because of the difference in global conformation, A20 did not show up by SSM search. Interestingly, 6MP and 6TG were dockable into A20 because of the similarity in the catalytic site and substrate-binding pocket ( Figure 1E ). However, the binding energy indicates that it is not favourable ( Table 2 ). Finally, the USP8 structure is in the inactive form, with BL1 and BL2 loops blocking the active site [36] . This might explain its failure to be docked by 6MP and 6TG.
Concluding remarks and future perspectives
Much analysis remains to be done to fully explore the potential usage of 6MP and 6TG as therapeutics against SARS. For in vitro experiments, the mechanistic insight of 6MP and 6TG inhibition could be further characterized by using the newly developed isopeptidase assay that fused ubiquitin and an ubiquitin-like module to the reporter enzyme phospholipase A2 [39] . This assay method provides a platform that can discriminate deubiquitylase, deSUMOylase, deISGylase and deNEDDylase activities. The sensitivity of this assay has been demonstrated by its ability to differentiate the contrasting deISGylase and DUB activities of SARS-CoV PLpro and NL63 CoV PLpro 2 [39] . For in vivo analyses, several animal models of this disease are now available, including a mouse model infected with an adapted SARS-CoV [40] . It will therefore be of great interest and importance to determine whether 6MP and 6TG are effective in blocking SARS-CoV replication in these animal models. It is also possible to undertake screening and design of PLpro inhibitors in silico, based on the crystal structure of PLpro. The chemical inhibitors of the DUBs will also be of great use as novel tools to explore the biological functions of these important enzymes in cell culture studies and various animal models. Further elucidation of the role of PLpro in viral replication and further optimization of chemical inhibitors of PLpro are other possible outcomes from such analyses, and would have great clinical benefit.
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Closest atom to active site cys γ-S S10 N7H N7H N7H N1H S10 Distance, Å 3 Table 2 . Molecular docking of 6MP and 6TG to deubiquitinating enzymes and main protease *The results of the docking analysis for papain-like protease (PLpro) and main protease (Mpro) were obtained from our previous study [1] . Cys, cysteine; HAUSP, herpes-associated ubiquitin-specific protease; USP, ubiquitin-specific protease; 6MP, 6-mercaptopurine; 6TG, 6-thioguanine.
